Along with the high-speed development of the Internet, users have begun to expect highly interactive online GIS. Wavelet technology provides an efficient approach to achieve this. Wavelet analysis is a new mathematical tool, which allows a complex system to be analyzed into different scales. Using this technology, one can decompose an image into a hierarchy of sub-images. Based on different requirements, these sub-images can be processed in various ways and then used to reconstruct the original image or an approximation of the original image. This paper describes how to use wavelet technology to design an interactive online GIS viewer, which can be used to query high-resolution images in different scales. This technology is potentially useful for large online GIS because each scale of the decomposed image can be transferred separately over the Internet or an Intranet. It provides an approach to solve the problem of transferring a huge amount of data for large images over a relatively low speed network. It is especially useful for image manipulation, such as zooming and panning. To demonstrate the capability of this technology, a prototype online GIS viewer is implemented using a wavelet scheme known as lifting.
Introduction
A Geographic Information System (GIS) is a computer system dealing with geographically related information. It has entered into the research area for several decades. The earliest GIS research work can be traced back to the transportation studies at the University of Washington in the 1950s (Coppock and Rhind 1991) . Modern GIS software, however, has been developed primarily in the 1980s and 1990s. The conventional approach has been to design the software as a desktop application, with relatively little emphasis on information sharing and communication. Nowadays, with the high-speed development of the PC industry and the Internet, GIS has begun to enter into daily life and has become an efficient management tool for a range of information services e.g. transportation, weather, etc. The appearance of the Internet provides a new opportunity to re-design the architecture of GIS. Based on the trend that users want to access and process real time geodata from different places, online distributed GIS, which combines stateof-the-art web technologies with GIS, appears to be a promising model for future GIS.
Some difficulties, however, exist in online GIS, especially for large image data sets. One of the most important difficulties is with the transmission of large amounts of geodata over limited bandwidth networks. If a GIS is implemented as an online system, current image transmission methods usually require the system to transfer a new image for every query on a map, even if some part of the image has been transferred before. This will cost a lot of time for transferring data and also substantially increase the load on the network. Therefore, new technology must be found to solve this problem. Wavelet technology provides a potential solution for this problem.
In this paper, the authors use wavelet technology to manage large image data sets and design an online GIS viewer to demonstrate the potential capability of wavelet technology in this area. The implemented system includes a client/server architecture software, which is written in the Java programming language.
Wavelet Analysis
Wavelet analysis is a new mathematical branch developed within the last 20 years. In the early part of the twentieth century, wavelet-like functions were already known. The unifying concepts and theory, however, were not put forward until recently by researchers in the mathematics and signal processing communities. The whole theory in mathematical form is very complex, but the idea can be interpreted in a very simple way.
Discrete Haar Wavelet Transform
First consider two different representations of a sequence of numbers. Given four numbers in a series:
it is obvious that these four numbers have a pattern. The first two are in one group and the last two are in another group. Each group has the same value for each member. Furthermore, there is anti-symmetry between groups. Can we represent them in another way? Of course. Calculate the average and difference for each group of numbers.
x 1 (i) and x 1 (i+1) are the corresponding average and difference of x 0 (i) and x 0 (i+1) (i=0,1). One can see that (2.2) gives a characteristic representation of (2.1). Mathematically, one has defined a transform from (2.1) to (2.2). This is called the discrete Haar wavelet transform. The formulas are
Based on this, one can go further to do the same operation on x 1 (0) and x 1 (2), which gives:
From (2.4), the anti-symmetry relation between groups is clear. Therefore the final representation of the number sequence becomes
This representation uncovers all the patterns inside the number sequence x 0 (i) (i=0,1,2,3). The subscript of x represents the analysis (decomposition) level (scale). Equation (2.5), in reality, gives the multiscale representation of the original number sequence. Generalizing the transform formulas in (2.3), one can obtain the formulas for the discrete Haar wavelet transform:
in which k is the scale index and i is the sequence index. In (2.5), there are more zeros than the original data representation. In a computer system, the storage space will be reduced if there are a large number of zeros.
A sequence of numbers can be interpreted as a one-dimensional signal. In signal processing, signals can be categorized as high frequency signals, such as a step signal that changes fast, and low frequency signals, such as a constant signal that changes slowly. In the wavelet transform, the averaging operation lets low frequency signals pass. Therefore, the coefficients for the average transform (1/2, 1/2) define a lowpass filter. The difference operation defines a high pass filter with coefficients (1, -1). Therefore, the discrete Haar wavelet transform decomposes a signal into a high frequency component and a low frequency component. The low frequency content gives the average information of the signal; the high frequency content gives the detail information of the signal. Under reasonable smoothness assumptions, one can compress the signal by developing an approximate representation for its high frequency component. When the detail information is not significant, the high frequency component can be ignored altogether. If one wants to reconstruct the original signal, it is easy to find the inverse operations for the Haar transform:
The result is a perfect reconstruction of (2.1). This is called the synthesis process, corresponding to the previous analysis process. The discrete Haar wavelet transform can be expressed in matrix form as well (Strang, 1996) .
Image Processing by Wavelet Transform
The discrete wavelet transform can be easily developed for images, which are twodimensional signals. An image can be treated as a two-dimensional array. Every row of the array is a one-dimensional signal. Then one can use the previously described method to process it. Each column of the array is also a one-dimensional signal, sothe same process can be applied on the columns as well. Therefore an image can be processed in two directions sequentially. The graph below (Figure 1) gives an interpretation of the process. In Figure 1 , L denotes a lowpass filter operation and H denotes a highpass filter operation. The notation L-row means that the L operation is applied to the rows. Lcol means that the L operation is applied to the columns. In this figure, the output from the L-row and L-col operations is the A sub-image. The H, V and D subimages, which represent the detail information of the decomposition, are similarly constructed. . A, H, V, D denote average, horizontal details, vertical details and diagonal details respectively. This representation is a little different from previous one-dimensional case, in which the result from one filter has not been collected to form a block. This rearrangement of elements makes it convenient to transfer only one scale of the data at a time. A multiscale computation for image processing is illustrated in Figure 2 
Implementation and Analysis
Wavelet multiresolution analysis fits well with online GIS. To avoid the high bandwidth cost associated with the transmission of the entire map image over the Internet, one can decompose map image into several scales and transmit them at different times. Furthermore, one only needs to transmit detail information in those regions where detail is required. A key challenge is to combine the ability to zoom and pan with efficient compression of the various sub-images. The difficulty here is due to the fact that typical compression algorithms (e.g. Huffman coding and arithmetic coding) produce a binary stream of data, which cannot be spatially indexed without the introduction of special markers. Our implementation attempts to address this issue.
Software structure and computation process
In order to implement a wavelet-based online GIS viewer, three parts are needed for the software. The first is an image-processing program, which decomposes the original image into its different scale sub-images, compresses them and stores them in a specified structure. The second part is a client program, called the ViewerClient. It is a Java applet, which sends out the request based on users' mouse inputs and reconstructs the image based on the retrieved image data stream. The third one is a server program, called the ViewerServer, which waits for the clients' requests and sends image data to clients. The computation process is illustrated below:
Lifting Scheme
The discrete Haar wavelet transform only includes addition, subtraction and division by two (right shift in binary computing). This simplicity makes it a very fast algorithm for online computing in online GIS application. However, the previous algorithm needs extra storage space for intermediate results, which is not wanted in online GIS. So a new algorithm needs to be developed for reducing the storage space during the decomposition and reconstruction. Sweldens (1996) has introduced the lifting scheme, which leads to an in-place algorithm. The basic idea of the lifting scheme is to separate the signal into even and odd components, and to make use of the correlation between even and odd signals. Figure 3 show the basic idea of this scheme. This process gives the same result as the previous algorithm. It can be seen that the synthesis computation simply involves a change in sign relative the analysis process. Another benefit of this algorithm is that it can achieve integer to integer transform naturally. Figure 5a is the GUI of the implemented viewer prototype. Users can choose 4 different tiles and mosaic them together. One can zoom in with control + right mouse click and zoom out with control + shift + right mouse click . A user can pan the maps by dragging the mouse. Figure 5b is a zoom-in snapshot of the screen. The images used here are from the MIT Digital Orthophoto Browser, http://ortho.mit.edu, by courtesy of MassGIS and MIT. 
An online GIS viewer prototype

Several key notes for implementation
For a large area, it is not desirable to put all the information into one large map. Generally, one can use blocks to compose large maps; each block is one part of the larger map. In the above prototype, the area composes 9 blocks and every time the maximum viewable area is four blocks. Users can choose any four blocks to show on the screen and send the zooming and panning requests. When the user points to an area that overlaps different blocks, the viewer manages the bookkeeping of the indices, so that panning across blocks boundaries occurs seamlessly. The key point for bookkeeping is to use the block intersection point to identify the part of the image. Each intersection point will separate four blocks. After having got the size of the partial images, one can based on the location of the pixel to get the image value of that point. Another important point in implementation is that not every map has 2 J (J positive integer) length, which is the assumption for above wavelet analysis. One can remedy this by extending the image beyond the boundaries e.g. using zero padding or symmetric extension.
Conclusion and Future Work
Through the introduction of wavelet analysis, this paper has shown that it is a potential key technology in developing online GIS viewers. A Java applet prototype has been developed, which implements the basic functions for zooming and panning block maps. The Haar wavelet has been used because of its speed and the simplicity of integration of image navigation operations with compression. The result shows the prototype has achieve the expected features.
There are several aspects need to be further studied. One is the choice of wavelet filters. Haar wavelet is simple, but for data compression, it is not the best. For image compression, the Daubechies 9/7 filter is better but the computation is slower and the implementation of zooming and panning is more awkward. Therefore, the choice of wavelet filters is a tradeoff between compression efficiency and computation efficiency. Further improvements are also possible to the algorithm for spatially indexing the compressed images.
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